NONLINEARITY ERROR CORRECTING METHOD AND PHASE ANGLE MEASURING 
METHOD FOR DISPLACEMENT MEASUREMENT IN TWO-FREQENCY LASER 
INTERFEROMETER AND DISPLACEMENT MEASUREMENT SYSTEM USING THE SAME 

RACKGR OTTKTT> OF THE INV ENTION 



Vield of t-.be Invention 

[01] The present invention relates to a phase angle 
... isuririq method and a nonlinearity error correcting method in a 
two-frequency laser interferometer used for displacement 
measurement and a system using the same, and more particularly, 
. 0 a phase angle measuring method ana a nonlinear: tv error 
greeting ret ho. in a two-frequency laser interferometer for 
displacement measurement ana system using the same, which can 
drastically improve accuracy in displacement measurement. by 
adjusting offsets, amplitudes and phase between two output 
siaraxs from phase demodulator used for phase angle measurement 
in a two-frequency laser interferometer. 
Ba^K^rojan^ 111 r.h-^ Rela ted Art 

[02] FIG.l illustrates a typical configuration of an 
optical system and a phase measuring electronics in a 
- --quencv Laser interferometer for displacement measurement. 

[03] P laser 1 emits two orthogonally linear-poiar i 
ceacs with different frequencies co : and or (wavelength X 



t w o - 



\ , , : . ; amplitudes A and B. A beamsplitter 2 splits the laser 
:.. lwc beams, one fcr reference and the other for measurement. 

[04] A reflected beam at the beamsplitter 2 passes through 
:- coiarizer 5a, which is oriented at 45° to a laser polarization 
axis, and falls on a phot odetector 6a. 

[05] Here, electromagnetic fields Er_ and Er of two 
orthogonally linear-polarized laser beams are expressed as the 
following Equations 1 and 2: 
[06] [Equation 1] 

^^expf/CaV+ej] 

[07] 

[08] [Equation 2] 

£>\=£exp[/(W+V)] 

[09] 

[10] where 6, and G, represent initial phases. The output 
sig nal I of the photodetector 6a is detected as an interference 
signal of the two laser beams and expressed by the following 

[11] [Equation 3] 

/ x (A 2 +B 2 )/2+ABcos[ L \(»t+(Q B -Q A )] 

[12] 

[13] where, Aou represents a frequency difference (oj -a) ) of 
-_ r .e owe ^aser beams, and the output signal of Equation 3 serves 
as a reference signal. 

[14] The transmitted beam at the beamsplitter 2 is 
torr.pleteiy separated at a polarizing beamsplitter 3 so that eacn 



; ,.... far r . as its Dwn frequency and polarization direction, providea 
nr:at a frequency mixing is absent. These two beams are reflected 
dv a fixed mirror 4a and a moving mirror 4b usually employing a 
nrr.er cube prism, anil re combined on the polarizing beamsplitter 

[15] Here, the laser beams cover paths of different length 
and L . The L. signifies a distance from the polarizing 
; sc : : iter 3 to the fixed mirror 4a and the L signifies a 
distance from the polarizing beamsplitter 3 to the moving mirror 
4b . The laser beams pass through a polarizer 5b and then an 
interference signal of the two laser beams is detected in a 
pnotodetect ;r 6b. 

[16] Here, electromagnetic fields Em-, and Em- of the two 
orthogonally linear-polarized beams are given by the following 
Equations 4 ana 5: 

[17] [Equation 4] 

Em l =AGxp[i((d l t+Q A )] 

[18] 

[19] [Equation b] 

Em^=Bexp [/ (.o^+e B +8)] 

[20] 

[21] Toe curput I. of the phot odetector 6b is detected as an 
interference signs! of the two laser beams expressed as Equations 
■ ar _ 3 5. T he output signal, which serves as a measurement signal, 
; .-. expressed as the following Equation 6: 



[22] [ Equation €} 

J x (A 2 +B 2 )/2+ABcos[^t+(Q B -Q 4 )+b] 

[23] 

[24] wnere 9 is a phase angle, generated by a change ir. 
j.. lca i path lengths (Li of the two mirrors 4a and 4b which are 
ef lectors, and is expressed by the following Equation 7: 

[25] [Equation 1} 

[26] e=WA 

[27] wnere n indicates a refractive index of a medium, 

generally air through which the laser beam passes and L is a 
-elative displacement (L-.-L- ) between the moving mirror 4b 
relative to one fixed mirror 4a. The above Equations 3 and 6 
.how sinusoidal signals having different phases ana beat 
requencies wnich are a frequency difference Aon of the two beams. 
[28] Therefore, a displacement L of the mirrors is 
determined by measuring the phase difference 9 between the two 
interference signals, I 5 of Equation 3 and I, of Equation 6. 
Tnere are several ways to measure the phase difference 9. Here, 
a 90= phase mixing technique related to the present invention 
will be explainer . 

[29] initially, a 90° phase mixing electronics includes a 
v - oh3se sr .if t er 7 and two mixers 8a and 8b. The 90° phase 



mixing part receives two 



beat signals I. and I. and outputs 



als prcoorticnal to sine and cosine of the phase angle 



,. t the signals of sine and cosine having 90° phase difference 
; irf; U sed to measure magnitude and direction of the displacement 
o f t h e rn o vmg mirror . 

[30] Function of the 90° phase mixing electronics will be 
'—•'-lamed in detail as follows. Two beat signals I. and I.., 
sionals corresponding to the beat frequency of Aco are passed by 
nign-pass filters. The reference beat signal I : from the 
-nctodetector 6a is divided into an existing reference beat 
si-Hal ana a reference oeat signal having a 90° phase difference 
by the 90° prase shifter 7. The measurement beat signal I. from 
the photodetectcr '5b is divided into two signals having same 
chases. Trie four reference and measuring beat signals are 
implied Kv the tw: mixers 8a and 8b and output into such two 
signals as the following Equations 8 and 9: 
[31] [Equation 6] 

lyix cos(AcoOcos(Ao)*+9) 

[32] 

[33] [Equation 9] 



7 r oc sin(AwOcos(Aco*+9) 



[34] 

[35] High frequency terms of these signals I ana I are 
oved while passing through low-pass filters 9a and 91. Only 
rals x and I: including the phase angle 9 are output from 
_^ ss fillers 9a and 9b and obtained by the following 



[39] 
[40] 



[36] [Equation 10] 
COSU 

[37] 

[38] [Equation 11] 

JyOr sine 

Referring to the signals I, and I. of Equations ID and 

lf there is a 90° phase difference between the twc signals as 

,.. wr , in vm,.2. Perfect sine and cosine signals with no offsets 

r . d same amplitudes are obtained. Further, A Lissajou figure 

rawn by corresponding the above signals I, and I, to X and < 

xes c .f an irthogcnal coordinate creates a perfect circle as 

, owr in FIG .l. In case of such nonlinear-free signals expressed 

y Equations 10 and 11, the phase angle 9 can be easily 

aicuiated fr:,m the following Equation 12: 

[41] [Equation 12] 

fl = arctan(7 J I J) 
[42] * J ' • 

[43] However, this equation is applicable under ideal 
condition th = t two beams with slightly different frequencies, o- 
ir3 ,j are completely separated at the polarizing beamsplitter 3. 

[44] However, this condition cannot be met: in a real 
application. In practice, the two beams are not completely 
separatee at the polarizing beamsplitter 3 and each arm contains 
a small component of the frequency intended for the other arm by 
.- arlcu3 Kinds of factors such as non-orthogonality of tne 



• --izatior. directions of the input beams, elliptical 

• ,, r izatior. of the beams, misalignment of the polarization 
eamsplitter and imperfection of the polarizing beamsplitter 3 

[45] These errors result in nonlinear relationship between 
chase ancle 9 measured and the relative displacement between 
re twc rr.irrcrs. It means that the calculated displacement using 
ccaticn 12 will have the nonlinearity error which has a periodic 

[46] Accordingly, the conventional method using only the 
:-0 pnase mixing technique in the two-frequency laser 
interferometer dees not consider the nonlinearity error caused by 
cue frequency mixing, thereby resulting in error in displacement 

measurement . 

STTMMARY OF THF. TNVENTION 

[47] Accordingly, the present invention is directed to a 
nonlinearity error correcting method and a phase angle measuring 
mo-inod ana system using the same that substantially obviates r.e 
or mere problems due to limitations and disadvantages of the 
related art . 

[48] An object of the present invention is t :> provide a 
ir.ear it y error correcting method and a phase angle measuring 
system usinc the same which can drastically imp rc\ e 
a.— uracv of displacement measurement in a two- frequency laser 



rc.erferorneter by measuring and correcting offsets, amplitudes 
r.o phases or" two sine and cosine output signals from a 9<V phase 
:x ir.a electronics used for measuring a phase angle in the two- 

[49] Additional advantages, objects, and features of the 
nvention will re set forth in part in the description which 
"cllcws and in part will become apparent to tnose having ordinary 
skill in the art upon examination of the following or may oe 
earned from practice of the invention. The objectives arc other 
advantages of tne invention may be realized and attained by trie 
structure particularly pointed out in the written description and 
claims hereof as well as the appended drawings. 

[50] To achieve these objects and ether advantages and in 
accordance with the purpose of tne invention, as embodied and 
broadly described herein, there is provided a phase angle 
measuring method for displacement measurement in a two-frequency 
laser interferometer, which uses a two-frequency laser, a K ' 
phase mixing electronics and a phase angle calculating 
e -ectronics and pe 



tforms the steps of mixing a reference- signal 



: produced cue to an interference of the two frequency laser 
teams and a 90 phase shifted reference signal with a measurement 
Hisr.ai I produced due to an interference of two frequency-laser 
reams reflected on the fixed and moving mirrors, filtering high 
f r^auencv terms to produce two output signals I,, and I., and 

8 



-, 3 ; niri g a ohase angle 0 for displacement measurement, the phase 
-ale measuring method comprising the steps of obtaining the 
jtc-ut signals output from the 90" phase mixing electronics, ana 
idipse parameters including amplitudes a and b, ofrsets I ana 
ana ciiferer.ce from phase-quadrature <j> included in two output 
ignals and applying tne same to the following Equation to 
axculate the pnase angle 6: 

tan' 1 [coso / [ smo+i ^ ) / ( V,o) ^^^^vo)]] 

[511 

[52] In another aspect of the present invention, a phase 
ingle measuring method for displacement measurement in a twc- 
requency laser interferometer, which uses a two- frequency laser, 
a 90' pnase mixing electronics and a phase angle calculating 
electronics and performs the steps of mixing a reference signal 
: produced due tc an interference of two- frequency laser beans 
a ., a 5 9C cnase shifted reference signal with a measurement 
sianal I. cr educed due to an interference of two- frequency laser 
i-ea-o. reflected on fixed and moving mirrors, filtering high 
frequency terms to produce two output signals I, and L, ana 
obtaining a phase ancle 9 for displacement measurement, the chase 
ancle measuring method comprising the steps of: obtaining ellipse 
cc-arceters including amplitudes a and b, offsets I and I ana 
aifferer.ee from phase-quadrature * included in twe output signals 
- and I which are cutout from the 90° phase mixing electronics; 
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ppi yinq the ellipse parameters and the output signals I and I 
o the following Equation to calculate the phase angle 9; making 
... - :cckuc table with data which form the output signals I an:i 
c hase- angle 0 calculated from the output signals as a 
^ ; and reading the phase angle ■=• forming the set with tie 
_ tput signals I ana I. from the 90' phase mixing electronics 
;r.e.o the phase angle 9 is measured: 

y=tan Vo'[ sm W^ 

[53] 

[54] In still another aspect of the present invention, a 
noniinearity error correcting method for displacement measurement 
: 0 a two- frequency laser interferometer, which uses a two- 

- — raencv, a 20 ' pnase mixing electronics, a noniinearity error 
correcting electronics and a phase calculating electronics and 
performs the steps of mixing a reference signal I produced due 

- an interference of two- frequency laser beams and a 90" phase 
shifted reference signal with a measurement signal I„ produced due 
rc an interference of two- frequency laser beams reflected on 
fixed and moving mirrors, filtering high frequency terms to 
r , v ,. rr . ;r sicnals I and I., and obtaining a phase angle 9 

^ re displacement measurement, the noniinearity error 
correcting method comprising the steps of: calculating ellipse 
carao.eters including amplitudes a and b, offsets I and I , ana 
difference from phase-quadrature <j> of two output signals I and 
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. . it ;r.2 an adjusting voltage for correcting amplitudes a 

0 f t sets 1 and I and difference from phase-quadrature $ 
two output signals I and I ; and conducting a ---r recti or: 
wherein, trie offsets I and I of output signals I ' and I ' trim 
the noniinearity error correcting electronics become zero, the 
amplitudes a ana b have a same value, and difference from phase- 
quaorature q» ret. ween the output signals 1/ and 1/ becomes rero. 

|55| In yet. another aspect of the present invention, a 

erase angle measuring method for displacement measurement m a 
two-frequen:y laser interferometer, which uses a two- frequency 
laser, a 9CO phase mixing electronics, a nonlinear ity error 
correcting electron! :s and a phase calculating electronics ana 
performs the steps of mixing a reference signal I : prcducea due 
to an interference of two-frequency laser beams and a 90° phase 
shifted reference signal with a measurement signal I. produced cue 
~ c a y tnoerferer.se of two- frequency laser beams reflected on 
fixed and moving mirrors, filtering high frequency terms to 
Produce cutout signals I and I., and obtaining a phase angle 9 
for displacement measurement, the phase angle measuring rrethod 
comprising the steps of: calculating ellipse parameters including 
a-plitudes a ar.ri b, offsets I, and I. and difference from phase- 
quadrature <t> -f two output signals I,/ and I ' fr:n the 
r.or.-iueanty error correcting electronics; calculating an 
adjusting vtltage for correcting offsets, amplitudes and phases 

11 



r . e outcut signals I' and I'; conducting a correction 
:ir .. K e offsets I and I. of the output signals I ' ana : 

the ncnimearity error correcting electronics become zero, 
amplitudes a ana b have a same value, and difference from 
e-quadrature (j> between the output signals I,' and 1 ' becomes 
; ana applying the output signals I,' and 1/ whose offsets, 
ituaes and phase are corrected to the following Equation to 
uiate the phase angle 6: 

e = arctan(7 J I ) 
[56| y 

[57] Tt is to be understood that both the foregoing general 
suction and tne following detailed description of the present 
ere: on are exemplary and explanatory and are intended to 
viae further explanation of the invention as claimed. 

BRIBE DESCPTPTTON THE DRAWINGS 

[58] The accompanying drawings, which are included to 
viae a further understanding of the invention and are 
•orporated in and constitute a part of this application, 
ustrate embodiment ( s } of the invention and together with the 
motion serve to explain the principle of the invention. In 

[59] FIG.l illustrates a typical construction of a 
v/entional phase angle measuring system for displacement 
asurement in a two- frequency laser interferometer; 



[60] FIG. 2 illustrates an typical view of two output 
s: ~ : . a :s : arid I , perfect sine and cosine signals, from a 50 
pnase mixing electronics when a nonlmearity error is absent in 
ar . optical system and an electronics, wherein there are no 
cffsets, amplitudes are same, and a phase difference of toe two 
output signals I and I is 00°; 

[61] FIG. 2 illustrates a Lissajou figure of the two output 
,- : ., r . aIs : and i : f FIG. 2, wherein the figure is a perfect circle 
wnen any nonlinearity error is absent; 

[62] FIG. 4 illustrates a view of a phase angle measuring 
svstem for displacement measurement in a two- frequency laser 
interferometer according to the present invention; 

[63] FIG. 5 illustrates a view of a nonlinearity error 
correcting me the d in a two- frequency interferometer and a phase 
.rule measuring method ano system for displacement measurement 
using the same according to the present invention; 

[64] FIG. 6 illustrates an exemplary view of two output 
sianals I and I of a 90° phase mixing electronics when a 
nonlinearity error is present in an optical system and an 
electronic svstem, wherein there exist offsets, amplitudes are 
-;^ e ^ r .r, ano a phase difference between the two output signals 

[65] FIG. 7 illustrates a Lissa]OU figure of the twi output 
and I of FIG. 5 which are the same as the signals of 



s i g n a . 

\3 



£, wherein the figure is an ellipse circle distorted due to a 
rior.lir.earity error; 

[66] FIG. 3 illustrates a view for shewing that the 
. •. . . caritv error is decreased when the correcting method of the 
present: invent i: P. is applied, wherein a dotted line represents a 
noniinearity error before correction and a solid line represents 
a noniinearity error remained after the correction; and 

[67] FIG. illustrates a comparative view for shewing a 
difference m displacement measurement between a capacitance-type 
displacement sensor and a laser .interferometer, wherein the error 
correcting method of the present invention is superior m 
removing a periodic noniinearity error to the conventional art. 

flRTAILED nRSCRIPTTOW OF THE PREFERRED EMBODIMENTS 
[68] Reference will now be made in detail to the preferred 
embodiments of the present invention, examples of which are 
illustrated in the accompanying drawings. 

[69| While several embodiments of the present invention are 
explained hereinafter, detail description of an interferometer 

- , and a 9 ,y phase mixing electronics 200 is left out since they 

- ro - ne sarr . e as those of the conventional art in construction.. 
Li>e numerals are Given to like components. 

(701 Referring to FIG. 4 and FIG. 5, the present invention 
in::luoes a two- frequency laser interferometer 100 which outputs a 
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,; gna : I. produced due to an interference of 
. v i; , S er beams and a measurement signal I. produced due : :. 
• interference :f two frequency laser beams reflected on fixed 
•a moving mirrors 4a and 4b; a 90° phase mixing electronics 210 
hich mixes the reference signal I : and a 90' ph.se shifted 
eference siqnal with the measurement signal I.. fr:m one 
r.terferometer 100, filters high frequency terms and outputs cw; 
. S i ana Is - a no I for phase measurement; a non 1 1 near 1 1 y 

correct ino electronics 300 which receives again output 
signals i/ and I ' from the nonlinearity error correcting 
electronics 300, obtains ellipse parameters including amplitudes 

a a b c .ffset£' I. and I and difference from phase-quadrature 0 

rA zhe output signals I...' and I/, calculates an adjusting 
voltage for correcting the amplitudes, the offsets ana the phases 
cf tne output signals I,' ana I,.' , and conducts a correction 
wnerem the offsets I., and I of the output signals I' and I 
become zero, tne amplitudes have a same value and difference from 
phase-quadrature * of two output signals I,' and I ' becomes zero; 
.rod a phase angle calculating electronics 400 whd on oc tains a 
pnase angle 0 ty applying the output signals I.,' and I ' from the 
nonlinearity error correcting electronics 300 to the following 

B = arctan(/ y '///) 

[71] In further detail explanation, the interferometer 100 
... _. des a la3er 1 which emits orthogonally linear-polarized 



beans with different frequencies u- and u ; a beamsplitter 
wnicri , 1: vides the laser beams into a measurement beam incident. 
a polarizing beamsplitter and a reference team incident to a 
, :: . 3e:ec:c! 6a -hrough a polarizer 5a; the photodetector 6a 
r.ict oetects a reference signal I : which is an interference 
ianai 3f t wo laser reams from the reference team of one 
•--sclno.er 2 and provides the same to a mixer 8 a and a 9. 
-a<=e shifter ; a pclarizing beamsplitter which splits the laser 
.earn transmitted from the beamsplitter into two beams mordent to 
fixed mirror and a moving mirror, mixes two laser beams 
e fleeted from twt mirrors; and the photodet e tt tr 6t which 
oeieets a measurement signal I, which is an interference signal 
- he two laser reams from the polarizing beamsplitter 1 ana 
crovides the same t :» mixers 3a and 3b. 

[72] Tne 90" phase mixing electronics 200 includes a ( .->0 ' 
chase shifter '> which 90' phase-shifts the reference signal I. 
provided from the phot odetector 6a and provides the same tt the 
sixer 8b; a mixer 3a which mixes the reference signal I. from the 
r.hotodetector 6a with the measurement signal I. from tne 
rnttodetecf tr 6b; the mixer 3b which mixes 90' phase-shifted 
reference signal through the 90' phase shifter 7 with the 
measurement signal I_ from the photodetector 6b; and low pass 
.-. - :ers 9 a ana 5b which eliminate high frequency terms from one 
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..... . : : . and i ' from the mixers 8a and 8b and provide 

-.. ir v. £ .. • - offset adjustment means 11a and lib. 
|73| Toe nonlinearity error correcting electronics 300 
includes a microprocessor which obtains ellipse parameters 
•..eluding amplitudes a and b, offsets I, and I and difference 
rem phase-quadrature 0 of output signals I,' and I ' fed Dack 
rom one nonlinear ity error correcting electronics 300 through an 
,-alogue-to-digital converter 14 and calculates an adjusting 
.-^ oe fcr correct in 3 the amplitudes, the offsets and the chase 
f :. n e output signals IV ana IV; offset adjustment means 11a 
::0 lib wnicn conduct a correction such that offsets I,, and 1 
f toe output signals I' and I fed back from tne nonlinearity 
= crre ctirig electronics 300 by the adjusting voltage .yrput 
rrcm che microprccessor 17 through a digital-to-ana iogue 
converter 15 become cere; amplitude adjustment means 12a and 12b 
y^--— conduct a correction such tnat amplitudes a and b of the 
... signals IV and IV fed back through the ncnlinearity 

,-ror correcting electronics 3C0 by the adjusting voltage output 
frorr the microprocessor 17 through the digital-to-analogue 
„ ,-.,. carr ^r have the same value; and phase adjustment means 13 

; „, scnduct a direction such that difference from phase- 
ouadrature * between the output signals IV and 1/ fed back 
-hrough me nonlinearity error correcting electronics 300 by the 



air.s the 
sets I 



, ri!j3 v: ,.:tage output from the microprocessor 15 through me 
ral-to-ar.alogue converter 15 becomes zero. 

[ 741 m particular, even if the offset adjustment means 11a 
11c, the amplitude adjustment means 12a and 12b and the phase 
stment means 13 of the nonlmearity error correcting 
: - rcR ics :CC are arranged in other order, the same effect can 
:Dtameti. 

[75] rne ronlineai-f ree phase angle & may oe obtained m a 
ie: that ,h, phase angle calculating electronics 400 directly 
i i ipse parameters including amplitudes a and b, 
, : and difference from phase-quadrature <}> of the 
cut signals 1 ana I from the 90' phase mixing electronics 
and appiies the ellipse parameters Lo the various Equations 
; wlu |,_: explained hereinafter, without employ in ? an 
tomatic error correcting method using the nonlmearity err:i 
v ...^_-_ 3 eiertroniss 100. However, this method has a mmit m 
rrectmg the nonlmearity error in real time since lots of time 
e required for calculating Equation 22. 

[76] Further, the phase angle corresponding to the output 
ana Is 1 and I, may be obtained from a lookup table which is 
_ : _, in a manner that the ellipse parameters inducing 
solitudes a and b, offsets I and I, and difference from phase- 
.acraoure 4> of output signals I, and I., from tne 90' ph.se 
200 are calculated, phase angles 0 



on: cs 
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responding many sets of data of plural output signals I ana 
fire calculated from Equation 22 and the calculated phase 
v , :es wilh regard to the output signals I. and I are usea v; 
-h>- lo-'<up table before displacement measurement. 
[77] Before explaining the present invention, 
or.lir.earitv errcr of a two-f requen =y laser interferometer will 
e thee ret: ral.y described. As aforesaid, it is desiratle that 
„ e tW D- frequency iaser interferometer 100 does not have any 
-.oniir.eariLy errir. In this case, two signals 1 and I from the 
, ; Fhase mixing electronics have pure sine and cosine of the 
_ ; , se ac c> 0 v:n m FIG. 2. The amplitudes are same each ether, 
cnase offsets are zero, ana phase difference between two signals 

[78] Hero, according to the above output signals I and I , 
whenever the mcving mirror 4b is displaced by as far as half 
wavelength A/2, each period is changed. Therefore, a Lissajou 
fig ure of the output signals I, and I,, becomes a perfect circle 

cKown in fi;;.3. In consequence, the phase angle 9 can be 
easily obtained from Equation 12 whioh is same as an arctangent 

[79] However, in real application, that beam reflected at 
— - beamsplitter in FIG. 4 is not completely separatee at the 
cclanzmg beamsplitter 3 so that each beam in the arms of the 
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-feror.eter has small amount of other frequency ana 
ar : Zrtt .ion direction, provided that frequency mixing is present. 

[80] On the assumption that amplitudes A and B are 
-ar^nated by the small amplitudes a and (?> which have the wrong 
ros respectively, these two beams with small amount of ether 
auency are reflected by the fixed mirror 4a and the moving 
ror 4b respectively and recombined on the polarizing 
-splitter 3 again. Here, c< and p. are much smaller than h ana 

[81] Ine two laser beams recombined by the polarizing 
.mspiitter 3 cover paths of the different length L and L and 

detected as an interference signal of the two laser beams by 
e pnotodetector 6b through the polarizer 5b. The measurement 
qna] r is expressed as shown in the following Equation 13: 

[82] [Equation 13] 

[83] 
[84] 

+afcos[A("f-B+a-y,)] 

[85] 

[86] It is out of question that the reference signal I 

nested by the photo detect or 6a is same as Equation 3. DC an 

uasi-DC terms in 1 and I : of Equations 3 and 13 are eliminate 



-pa 



filter (n:t shown) . 
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[87] Thus, the reference signal I : of Equaticn : ana tr.e 
^„«-;rerr t er:t signal I- cf Equation 13 can be expressed in a 
-- : ~r.ler form as the following Equations 14 and 15: 

[88] [Equation 14] 

Jo: cos (Am/) 

[89] 

[90] [Equation 15] 

/ cc C osrW+0")+[(^ 

[91] 

=cos(Af^+e")+r 1 cos(Ae)0+r ? cos(A(BNe) 

[92] 

[93] where T is (Af> +Bg)/(AB> and V is ap/AB. 

[94] A first term of Equation 15 is a base beat signal, ana 

second and tnird terms of Equation 15 are terms causing a 

[95] Tne phase mixing electronics 200 receiving two 

beat signals I and I., from the above photodetectors «Sa and 6b 
out-uts signals almost proportional to the sine and cosine of the 

[96] In other words, the reference signal I. is divided into 
a reference signal I. and a signal having a 90" phase difference 
the reference signal I, by the 90° phase shifter 7. The 
. ^ c --r s i and I of the two mixers 8a and 8b, at whicn tne 
measurement signal I, provided from the photodetector 6b is 
mu ltipiied fcy twc phase-quadrature signals of the reference 
signal, are given by: 
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[97] 



[98] 
[99] 



[100] 
[101] 



[Equation 16] 

/ y -cos(Ao)O[cos(AoD/+0)+r i cos(A(oO+r 2 cos(Aco^e)] 

; Equation 17] 

/. =sm(AwO[cos(Aco/+e)+r i cos(AwO+r 2 cos(Aco/-e)] 



the two multiplied signals I, and I , the nign 
^c-quency terms are eliminated by the low-pass filters 9a and 9b, 
so aS to Detain signals I. and I., as shown in the following 
Equations 18 and 19 including the phase angle 6: 
[102] [Equation 18] 

/^[(l+rofljcoso+r^ 

[Equation 19] 

7 v = -[(l-r : V2]sin6 

Referring to Equations 18 and 19, a radius of the 
ipse in the Lissajou figure is distorted T ; and the ellipse is 
fted along the axis. 

[107] According to the conventional method of FIG.l, the 

_ se angle G is directly obtained by Equation 12. However, 
;a rion 12 does not provide an exact phase value when the ^aser 
.erferometer has the nonlinearity terms like Equations 18 ana 
Therefore, Equation 12 cannot be used to calculate an exact 
iSe whe n the nonlinearity errcr is present and should re 



[103] 
[104] 



[105] 
[106] 
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[108] As mentioned above, the fact that when a frequency 
;x:r,a is present, the sine and cosine signals I and I which are 
atputs from the mixers 8a and 8b are distorted by the 
neanty error an-:; the phase angle calculation by Equation 
, ot provide an exact phase is a main idea of one present 



[109] In real system, due to unequal gains, offsets or 
ctronic circuit arc lack of quadrature of 90° phase shifter 7 
nt measuring electronics, the output signals from 
ia and 3b can be represented as the following 



displacem 
r mixers 



E quations 2 0 a r: d 2 1 : 

[110] [Equation 20] 

/ c/cos^B'o)-/,.. 

[Ill] 

[112] [Equation 21] 

/=6sin(0)+/ yo 

[113] 

[114] where a and b are amplitudes and I,, and I, are offsets 
-^3 0 1S a difference from the phase-quadrature. 

[115] This means that the output signals I, and I. output 

from the mixers ba and &b are not signals having exact sine ana 
; ^ e . As illustrated in FIG. 6, amplitudes are different, 
.. f -- sets al -e not zerc , and a difference from the phase-quadrature 
In a m:rc clear explanation, the Lissajou figure of 
orted and has an ellipse circle. 



zerc 



[116] However, if we clearly know the ellipse parameters 
.:. as amplitudes a ana b, offsets I and I and a difference 
rem the phase-q aadrature <J> in the above Equations 20 ana 21, a 

^.t.^ phace an3le e can be determined by inducing tr.e 

,, V nr. a Equation 22 from Equations 20 and 21: 
[117] [Equations 22 j 

B-tan'Hcoso/ [sino+(Wa)/ (/^/^Wl] 

[118] 

[119] The phase angle calculated by Equation 22 doesn't 
contain the ncnlinearity error caused from the frequency mixing. 
Thus, the exact displacement L of the moving mirror 4 b can oe 
-chained from the phase angle 9 calculated by Equation 22. 

[120] When the two- frequency laser interferometer 1 is 
nonlinear-free Amplitudes a and b are same, offsets I :: ana I 
ana difference from the phase-quadrature <|> are zero), Equation 
22 is same as Equation 12, thereby having the same phase value as 
when there is no frequency mixing. 

[121] in real application, the phase angle may be measured 
by using the phase angle measuring system for displacement 
u - erne nt of FIG. 4. To be specific, without a separate 
^ os . it .. error correcting process, the output signals I ana 
• output from the mixers Sa and 8b are converted through the 
analogue-to-digital converter 14 on a rear end tf the mixers da 
ana 8b and inputted into the phase angle calculating electronics 



T v.en, the phase angle calculating electronic 4«-«0 applies 
output signals I and I and the calculate! ellipse 
......... to Equation 22 to calculate the phase ancle G wit. 

- ro tne pertinent output signals I and I every time ana 
s correct tne nonlinear ity error in the interferometer 100. 
ever, calculating Equation 22 is a time consummq procedure, 
the correction of the nor.linearity error oy calculating 
ipse parameters and Equation 22 can't be used for real time 
s urement . 

[122] Therefore, for faster correction, as illustrated m 
zhe phase angles G of many sets of data with respect to 
output signals I and I from the mixers 8a ana d*b are pe- 
culated cased on Equation 22 and stored at the lookup takle x6 
mected to the phase angle calculating electronics -J 00 without 
ilinearity error correction. Whenever the signals I : ana 1 
r : tne mixers 8- a and 8b are inputted, corresponding phase 
gies G are searched in the lookup table 16 to be corrected. 

[123] In other words, the phase angle calculating 
eccror.ics 4CC including the microprocessor reads tne signals I 
-> i inputted through the analogue-to-digital converter 14, am 
kes tne phase angle G of the set of data corresponding to the 
rtinent signals I and I from the lookup table 16 connected z 
e cn.se angle calculating electronics 400 including th 



or ooes so r , 



tim* 



that the phase angle 0 can he obtained i n 
ithcut a separate calculation by Equation 22. 
[124] Tnouch this lockup table method is faster tnan tne 
-'--'-od directly calculating the phase using Equation 22, it can't 

- aDDiieo to the system where ellipse parameter values such as 
mplitude a and b and offsets I... and I are changed during tne 

[125] I f the output signals I, and I. from the mixers 3a and 
bo in Equations 20 ana 21 are electrically adjusted ana corrected 
as Equations 1 J and 11, in other words, if amplitudes a and b are 
adjusted zz 1: e same, and offsets and difference f r cm phase- 
ouaarature are adjusted to become zero, then the phase angle is 
exactly obtainable in almost real time without depending on tne 
calculation by Equation 22. 

[126] The phase obtaining method using Equation 12 will net 
oe explained m detail since it is sufficiently executable oy 
those skilled in the field. 

[127] Referring to FIG. 5, the two output signals I. and I. 
-"rem the 00 -base mixing electronics 200, namely, output signals 

- : inc ; ■ output from the low-pass filters 9a anc Ob are inputted 
-~ -_ he offset adjustment means 11a and lib of tne nonimearify 
error correcting electronics 300. 

[128] One inputted signal I to tne offset adjustment means 
ll3 1S converted by the analc gue-to-digital converter 14 into the 
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puL signal I ' which is finally corrected through the 
do dd;ustment means 12a and the phase adjustment means 1 2 
; inputted the microprocessor 17. The output: sigaa. - 

,.,tteo to the offset adjustment means lib is converted oy tne 
^ogue-tD-aigital converter 14 into the output signal I 
:c -_gh only the amplitude adjustment means 12b and inputted to 
; microprocessor 12 . 

[129] That is to say, the output of the amplitude adjustment 
ins i2b ana one output of tne phase adjustment means 12 are 
scectiveiy converted into the digital signals by the analogue- 
-diqital converter 14 and inputted to the microprocessor 17. 
ereafter, tne microprocessor 17 calculates the ellipse 
rametens including amplitudes a and b, offsets T . and 1 ana 
fference fr:m the phase-quadrature <|> based on tne output 
onals 1' and 17 from the amplitude adjustment means 12b and 
e phase adjustment means 13 and determines feedback voltages 
>r correcting the nonlinearity error including the cffsets, the 
, E ,y :u aes, and the phase, namely the adjusting voltages for 

[130] Next, the microprocessor 17 feeds back tne five 
;edback voltages, namely the adjusting voltages t ; the 
^•linearity error correcting electronics 300 through the 
Loital-tc-analogue converter 15 and corrects offsets, amplitudes 



. ,,, ses or the output signals I, and I. from the 90 phase 
xma electronics 200, namely, the mixers 9a and 9b. 
[131] That is, the adjusting voltage outputs from tne 
preprocessor 17 are inputted to the offset adjustment rreans 11a 
.o lib through the digital-to-analogue converter 15, su::h that 
, e ctsets 1 and I of the output signals I ana I cutout from 
he mixers 9a and 9c. are corrected to become zero. Further, the 
ousting voitace outputs from the microprocessor 17 are mputtea 
z the amplitude adjustment means 12a and 12b through tne 
igital-to-analorjue converter 15, such that the amplitudes a and 
of the signals tutput through the offset adjustment means lia 
rd llc are corrected to have the same value. Finally, the phase 
^ostm.ent moans 11 receives the adjusting voltage output from 
ne microprocessor 17, such thai; the phase difference between toe 
wo final output signals I' and 1/ through the offset 
.Ojustment means 11a and tne lib ana the amplitude adjustment 
T eans 12a ar.d 12b is corrected to become 90°, that is, the 
oifference from the phase-quadrature * is corrected to become 0°. 

[132] Accordingly, since the nonlinearity error, such as, 
cr.equal amplitudes a and b, non-zero offsets I. ami I and non- 
zero difference from the phase-quadrature <J> of the output signals 
- ana I generated in the interferometer 100 and 90 = phase mixing 
electronics 200 is corrected by the nonlinearity error correcting 
. ; -. j;::r: ,- :s 3Q0, the signals I,' and 1/ finally inputted to the 
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•^orocessor 17 become pure sine and cosine signals as shown :n 
paticr.s 10 and 1 . 

[133] The phase angle calculating electronics 400 receiving 
c. :wc output signals I,' and 1/ calculates the correct phase 
..ears of a calculating circuit doing an arctangent function, 
r . a calculates magnitude of displacement of the moving mirror 4b 
ased on the correct phase calculation result. 

[134] According to other preferred embodiment of the present 
nvention, the offset adjustment means 11a and lib, the amplitude 
adjustment means 12 and 12b and the phase adjustment means 11 m 
ne nonlinearity error correcting electronics may have the free 
order . 

[135] For test purpose of the present invention, the 
conformance cf the system has been investigated by inputting two 
se::s of output vcltages, in other words, output signals I., and I 
output from the low-pass filters 9a and 9b and output signals I,' 
and I ' output from the nonlinearity error correcting electronics 
, cc _ 0 _ C3 , put , r in which a predetermined algorithm for the 
performance test is embedded through the analogue-tc-digital 
-.reverter or a data acquisition board (not shown), and monitorrng 
. . .. results where the nonlinearity error is eliminated by 
correcting offsets, amplitudes and phases by means of the 
ncnlmearity err:r correcting electronics 300. 
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[136] That is, fcy measuring residual error of trie respective 
„< sets of output signals I, and I,, I,' and I.', it can be 
•.Mirmed that the r.onlinearity error is corrected. Here, tr.e 
signals I and I are signals before the nonlinear ity 
. , , correction, which are obtainable by the conventional art, 
na the cutout signals I,' and I,' are signals after the 
.onlmearity error correction oy means of the noniinearity error 
2 00 of the present invention and d d not 



: onics 
near ity error. 



[137] We have set the two-frequency laser interferometer 100 
of FIG. 5 and installed the moving mirror 4b on a micro-moving 
stage which is driven by a piezo-t ransducer as far as scores :>f 

[138] While the moving mirror 4b was slowly translated, the 
computer collected the output signals I, and I from the low-pass 
filters 9a ana 1 9b and the output signals I,/ and I..' from the 
noniinearity error correcting electronics 300, applied the same 
_ th€ ellipse of Equations 20 and 21 and obtained the ellipse 
parameters with regard to the respective output signals i. and 1 , 
; , and :'. -he obtained ellipse parameters were applied to 
Equations 12 and 21, respectively, to obtain respective phases, 
and then residual errors with regard to the two kinds of signals 
- - ' ar .d I ' were calculated from the phase value 
difference c brained by Equations 12 and 22. 
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[139] The residual errors calculated in this manner b / tr.e 
r;u ..er indicates the noniinearity error that the laser 
nterferometer has and the residual noniinearity error rerr.air.eo 
.-. er Lhe error are corrected by the noniinearity error 
^~^+- : r r, metrir-d of the present invention. As drawn m FI.^.S, a 
, rreG iine is result of the output signals I, and I trorr. the 
C phase mixing electronics 200 and a solid line is result of 
_ t S i una i s 1..' and I.' from the noniinearity error 

[140] From FIG.&, it is found that the output signals I : ' and 
r » after the noniinearity error correction using the 
noniinearity errcr correcting electronics 300 have much smaller 
error compared tc the signals I, and L before the noniinearity 



error 



[141] In crder to evaluate the performance of the present 
invention quantitatively, the two-frequency laser interferometer 
100 has been compared with a capacitance-type displacement gauge. 

[142] Firs-, similarly to the above process, the two- 
frequency interferometer 100 was set, the moving mirror 4c w=*s 
moved oy using the piezo-t ransducer , and two sets of output 
-icnais I an:! I. I...' and I / obtained from the two- frequency 
aser interferometer ICO of FIG. 5 were inputted to the computer 
... . r . zhe outputs measured by the capacitance-type displacement 



[143] The difference between the uncorrected displacement : r 
moving mirror Ah calculated with the arctangent of the output 
ils : a ni i in Equation 12 and a linear fit of reaamg 
: . aae of t he capacitance-type displacement gauge is plcttea 
Ln - ine wi-.h cross m FIG. 9. The periodic sinuscidal 

au laticn which mainly ;omes from the nonlineartty of the two- 
equency laser interferometer is shown in the figure, and slowly 
ryir;g drift which mainly comes from the nonlinearity error ot 
ie capacitance-type displacement gauge is also shown. 

[144] The difference tetween the corrected displacement of 
he moving mirror 4b calculated with the arctangent of the output 
ianals I ' and I ' of the nonlinearity error correcting 
>ctronics in Equation 12, and a 5'"' order polynomial fit of 
-eading voltage of the capacitance-type displacement gauge is 
,; ot tea with solid line in FIG. 9. 

[145] At this point, the sinusoidal modulation shown in the 
igure plotted with line with cross is eliminated. It indicates 
. ; . the nonlinearity error of the two-frequency laser 
*---rf erometer 10 0 was removed. 
[146] Referring tc FIG. 8 and FIG. 9, the nonlinearity error 
:f the two-frequency laser interferometer 100 was eliminated by 
C f rne application of the present invention. As a result, 
. ... u . dCV - f - ha displacement measurement according to the present 
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.^.. rr ^;,v tc that of the conventional art in which the 
. , . r ^anty error is not eliminated. 

[147] Therefore, the present invention has an advantage of 
u-csrically improving accuracy in the displacement measurement 
-:-r.a the two-frequency laser interferometer by correcting the 
offsets, the amplitudes and the phases of the output signals from 
che hZ phase mixer and thus eliminating the periodic 
r.or.lmearity error generated in the two-frequency laser 



[148] Tne forgoing embodiments are merely exemplary and are 
c . rn be construed as limiting the present invention. The 
present teachings can be readily applied to other tyres of 
apparatuses. The description of the present invention is intended 
zo oe illustrative, and not to limit the scope of the claims. 
Many alternatives, modifications, and variations will be apparent 
to those skilled in the art. 
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